Pathological acid reflux is a common event in patients afflicted with head and neck squamous cell carcinomas (HNSCCs), known to playa role in HNSCC etiology and contribute to complications after surgery or during radiation and chemotherapy. Antacid medications are commonly prescribed in HNSCC patients as part of their cancer treatment, and consist of two classes: histamine 2 receptor antagonist class (H2RA, with cimetidine as its prototypical drug) and proton pump inhibitors class (PPI, with omeprazole as its prototypical drug). Clinical evidence revealed a significant survival benefit of antacid usage in a large cohort of HNSCC patients treated in our Otolaryngology Department, with a median follow-up of over 5 years. Therefore, we postulate that one mechanism by which antacid intake enhances patient survival could involve modulation of tumor cell adhesion to endothelium, critical in the initiation of the metastatic dissemination. This study investigates the potential physical interactions between cimetidine and omeprazole with the endothelial E-selectin (E-sel) and its ligand sialyl Lewis X (sl.e') using a molecular visualization energy-based program (AutoDock). Docking results were further analyzed with the PyMOL program, which allowed for measurements of the distances between the drugs and the closest interacting atoms or residues on E-sel and sLe x molecules. Our model predicts that omeprazole displays a stronger interaction with E-sel than cimetidine, as extrapolated from the calculated overall binding energies. However, the shorter distances existing between interacting atoms in the proposed E-sel/cimetidine complex are suggestive of more stable interactions. Neither antacid/Esel complex overcame the stronger Autodock-calculated sLexlE-sel interaction, suggesting competitive inhibition was not involved. This study provides the first in silico evidence of omeprazole and cimetidine ability to bind to adhesion molecules involved in tumor dissemination, underlining their therapeutic potential in the HNSCC clinical management.
related deaths, which remains poorly understood and largely incurable (1, 2) . The ability to metastasize requires the active involvement of specific cell adhesion molecules such as selectins and their ligands (3) . Tumor cells may obtain a selective advantage in establishing metastatic deposits through altered expression of antigens such as Sialyl Lewis x (sLe"), which may affect interactions with selectins such as E-selectin (Endothelial selectin, E-sel), an inducible cell adhesion molecule only expressed by endothelial cells (4) . sl.e", which functions as a ligand ofE-selectin and is principally expressed by leukocytes, is also commonly found on a wide variety of tumor cells and facilitates their binding to lymphatic or vascular endothelium initiating extravasation, a critical step in the process of metastasis via vascular pathways (3) (4) (5) (6) . In vitro studies have confirmed the ability of the sLe"-expressing tumor cells to firmly adhere to endothelial cells via direct binding to the E-selectin, in contrast to non-expressing sLe" tumor cells that were unable to (7) (8) (9) (10) (11) (12) . Expression of sLe"has been reported in several cancers (e.g. breast, colorectal, cervical and lung), and its expression was correlated with the malignant phenotype, particularly in those from breast and gastro-intestinal (GI) tract (7, (13) (14) (15) (16) (17) (18) . Circulating levels ofE-selectin and its ligand sl.e" have been found to be predictive for metastasis in colon and gastric carcinoma patients (19) (20) and have also been reported to play an important role in lymph node metastasis in invasive breast carcinomas (13) . In patients with colorectal cancer, sLe" expression strongly correlated with advanced stage disease, distant metastasis and poor survival (7) ; similar prognostic significance has been shown in other cancers, including lung, breast and esophageal cancer (21) (22) (23) . Studies evaluating sLe" in head and neck tumors have provided evidence of sLe" significance as negative prognostic marker for cancer-specific survival in HNSCC patients, independent of age, T-stage and alcohol consumption (24) . Our previous work has shown that sLe"-positive HNSCC tumor cells are able to bind to E-selectinpositive endothelium, and thus through sLex-E-selectin interaction the tumor cells are able to tether and initiate rolling on the endothelium prior to their extravasation (25) . Furthermore, our clinical studies have shown that sLe" expression associates with poorly differentiated and metastatic tumors, suggesting that its expression may be indicative of HNSCC invasive and metastatic potential (26) . The therapeutic implications are potentially very significantbecause ofcommonly used and safe agents known to inhibit the expression of E-sel, such as cimetidine (17) . In a series ofpreliminary in vitro experiments we have found that cimetidine treatment resulted in reduced E-selectin expression in endothelial cells and sl.e" expression in HNSCC cell lines (25, (27) (28) . Several randomized trials have shown that cimetidine intake correlates with significant survival advantage in gastric and colorectal cancer; in the latter trial the survival advantage was restricted to patients whose tumors expressed these antigens (7, 29) . Our clinical evidence has revealed a significant survival benefit of antacid usage in a large cohort of HNSCC patients treated in our Otolaryngology Department at the University of Michigan, with a median follow-up of over 5 years (28) . Based on our clinical and laboratory data, we postulate that one mechanism by which antacids intake may contribute to improved HNSCC patient survival may involve modulation oftumor cell adhesion to the endothelium, critical in the initiation ofthe metastatic dissemination. Two classes of antacid medications, histamine 2 receptor antagonists (H2RA, with cimetidine as its prototypical drug) and proton pump inhibitors (PPI, with omeprazole as its prototypical drug), known for their similar ability to decrease and/or inhibit the production of gastric acid, are commonly used for the management of acid reflux and complications from conventional therapies in HNSCC patients.
The objective ofthis study was to explore whether the two prototypical antacid drugs, cimetidine (H2RA class) as compared to omeprazole (PPI class), may physically interact with E-selectin using an in silica modeling investigation. This study has allowed to visualize the potential inhibitory ability of the prototypical drugs of the two most commonly used antacid classes in HNSCC patient population. Our model predicts a stronger interaction with E-sel for omeprazole, as opposed to a more stable interaction with E-sel in the case of cimetidine. Taken together, this study provides the first in silica evidence of the abilities of omeprazole and cimetidine to bind to endothelial adhesion molecules involved in tumor dissemination. This highlights the need for a better understanding of antacid biological effects in the context of tumor initiation, progression and dissemination in order to provide comprehensive support for a novel therapeutic approach that can be readily translated into clinical benefit.
MATERIALS AND METHODS

Antacid drugs
Omeprazole and cimetidine were purchased from Sigma Aldrich (S1. Louis, MO, USA) for ongoing in vitro studies conducted in our laboratory. In the protein docking procedures, the chemical structures for the two antacids (illustrated in Fig. lA-B ) were composed based on previously reported chemical structures (30) (31) and minimal energy 3D structures were constructed using Trident-3D Analyst software (Wavefunction, Inc.; Irvine, CA, USA, www.trimble.com). The chemical structures of both cimetidine and omeprazole contain imidazole containing aromatic heterocyclic groups, suggesting that their potential actions as inhibitors of E-selectin or sl.e" may happen via similar mechanisms. The most striking difference between the chemical structures of the two antacids is the very stable and charged guanidinium group ofcimetidine. This side group is hypothesized to be able to affect the binding interaction ofcimetidine with either sl.e' or E-selectin ( Fig. lA) . In contrast, omeprazole contains a polar sulfoxide group (Fig. IB) , while cimetidine contains a non-polar thioether. This also may affect the interactions ofthese antacids with sl.e" and/or E-selectin. Interestingly, a recent in silico docking study using the crystal structure of an E-selectin-sLe' complex reported that potential monosaccharide mimetics, composed of various aromatic and heteroaromatic core structures in combination with (S)-cyclohexyl lactic acid and D-mannose, posed as effective inhibitors of the sLexlE-sel interaction (32) . In this study, we employed a similar molecular modeling program to further elucidate the potential effects that antacids may have on tumor cells, specifically regarding disruption of the sLe'IE-sel interaction.
Docking procedure and AutoDock Program Description
We used AutoDock Tools MGL-15 software (AutoDock, version 4.2) provided by the Scripps Research Institute (La Jolla, CA, USA, www.autodock.scripps. edu). AutoDock generated a series of ten conformation models, which represents the ten best predicting models of how the antacids could potentially interact with the molecules of interest, E-sel and sl.e-. AutoDock generated a series ofenergy values (binding energy, ligand efficiency; inhibition constant; intermolecular energy; Van der Waals, electrostatic and total internal energy) using a Lamarckian program that was then used to analyze the relative strengths of the interactions. Binding energy, ligand efficiency and inhibition constant are the most indicative of the overall strength of a given predicted interaction calculated by AutoDock. Mass-centered grid maps were created using 0.375 angstroms (A) spacing with the Autogrid program also available from the Scripps Research Institute. In the grid maps the spacing was also set to enclose 99% of the active sites of the macromolecules, and the grids were centered on the sLe'/Ca 2 + ion. We have identified this as the active site by observing the E-sel/sLe'-bound protein as downloaded from the Protein Database website (pDB ID: 10rr; www.pdb.rcsb.org, 33) using the JMOL molecule viewer software, a free open-source software for chemical structures in 3D (jmol.sourceforge.net). The main aminoacids involved in the interaction, as well as others within a six angstroms sphere surrounding the central calcium atom, were identified and recorded. These residues were later used in the AutoDock experiment as the 'flexible' residues of the macromolecule E-sel. A total of three docking experiments were run: 1) the "control", established when sl.e-was docked with E-sel, 2) cimetidine was docked with E-sel and 3) omeprazole was docked with E-sel.
Analysis and interpretation ofdocking results
Docking results were imported into the PyMOL Molecular Visualization program (www.pymol.org) and analyzed. The ten conformations within each run were ordered based on binding energy. For each run, the conformation with the lowest energy was conformation # 1 (the strongest binding), while the highest energy designated the conformation #10 (the weakest binding). We analyzed and interpreted the energy data provided by AutoDock based on previously published studies reporting Autodock-based results (34) . According to AutoDock, the binding energy is the sum of the intermolecular forces acting upon the receptor-ligand complex (Equation 1) (35 Because the binding energy is essentially a calculated Gibb's Free Energy value, it can be compared to the calculated Gibb's free energy of the naturally-occurring sl.e'-Eselectin interaction (Equation 2).
Equation 2:
Using the known affinity constant of 0.72 mM (44) for the sl.es-Esel interaction, Gibb's free energy for the complex was found to be -1800 J. The binding energy of the E selectin/sl.e' ligand is known to be weak, as it is generally accepted for many carbohydrate/receptor interactions (34) (35) (36) .
Binding substrates (the macromolecule ofE-selectin) Docking the antacids interaction with Esselectin
The structure of E-selectin was downloaded from the Protein Database website (PDB ID: lESL, www.pdb. rcsb.org) and modified using the AutoDock software version 4.2. Hydrogen molecules were removed from the structure and Gasteiger charges were added using this energy-based software. Flexible residues isolated from the E-sel active site for the dockingprocedurewere: Asparagine83 and 105(Asn83 andAsn105),andArginine 108 (Arg 108). Potential torsions of E-sel were detected and analyzed in AutoDock. The calcium ion involved in the interaction of sl.e" was maintained in the docking interactions. The antacids were docked into the active site of the E-sel macromolecule. The binding energy results were comparedto the binding energycalculatedusing the reported dissociation constant.
RESULTS
Docking ofcimetidine with E-selectin
The interaction of cimetidine with E-sel was compared to the sl.evli-sel interaction ( Fig. 2A- A. (Table I) . The intermolecular energy, Van der Waals + Hbond+ desolvation energy, electrostatic energy and total internal energy values for the best conformation were -3.15 kcallmol, -1.07 kcallmol, 0.71 kcallmol and -12.76 kcallmol, respectively (Table I) .
B.
Docking ofomeprazole with E-selectin
Then, we analyzed the interaction of omeprazole with E-sel comparatively with the sLex/E-sel interaction (Figs. 2C&3B) . The binding energy, ligand efficiency energy and inhibition constant values of the best-predicted conformation model (#1) of omeprazole docked with E-sel had values of -16.29 kcallmol, -0.68 kcallmol and 1.15 pM, respectively (Table II) . The intermolecular energy, Van der Waals + Hbond+ desolvation energy, electrostatic energy and total internal energy values for the best conformation were -4.38 kcallmol, (Table II) . The binding energy values were then compared to the cimetidine/E-selectin interaction ( Fig. 4 and Table III ).
Calculations of binding energy, ligand efficiency, inhibition constant, intermolecular energy, Van Der Waals energy, electrostatic energy and ligand internal energy were generated with the AutoDock program as described in the Materials and Methods. The ten conformations within each run were ordered based on binding energy. The conformation with the lowest energy was conformation #1, and the highest energy was conformation #10 for each run. All energy values have units ofkcal/mol. VDW: Van Der Waals energy; Hbond: Hydrogen Bonding; Desol: Desolvation
Observation ofphysical interactions using PyMOL
The chemical structures of omeprazole and cimetidine ( Fig. lA-B ) were used to deduce and predict the specific interactions between the docked amino acids within the active site ofE-sel or sl.e" and these antacids. Inthe docking results, we consistently identified two hydrogen bonds when both omeprazole and cimetidine were docked with E-selectin; the two bonds were between the asparagine residues at positions 82 and 105 of E-selectin and the antacids. These bonds corresponded to the amide group of the asparagine residue and the availability of hydrogen atoms in either the imidazole rings of the antacids or other available hydroxyl groups.
When the best-predicted conformation (#1) of cimetidine docked with E-sel was analyzed in PyMOL, the closest distance between the antacid molecule and the target protein was reported to be 2.1 A. Other measured distances were 2.2 Aand 2.7 A. These values represent hydrogen bonds or other strong interactions. Specifically, the distance of 2.1 A was from a potential intermolecular interaction between the amine group of the imidazole ring of cimetidine and the carboxyl group of the amide group of the asparagine residue at position 83 on E-sel (Fig. 3A) . The second closest distance, 2.2 A, was between an amine group of the guanidinium group of cimetidine and the hydroxyl group of the carboxylic acid within the glutamate residue at position 80 of E-sel.
When the first conformation produced from the docking study of omeprazole with E-sel was analyzed in PyMOL, four distances were reported. These distances were: i). of3.2 Abetween a hydroxyl group of omeprazole and the amine group in the side chain of asparagine at position 82; ii). of3.7 A between one of the ether groups of omeprazole and the amine side chain of asparagine 105; iii). 00.9 A between the sulfur ofthe nonpolar thioether group of omeprazole and the amine group of asparagine 82; and iv). of 4.1 A between the ether of omeprazole 
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Fig. 4. Diagram of the binding energies of the simulated interactions between sl.e', omep razole and cimetidine with E-selectin. Illustrated are the binding energies and relative strengths of interactions as calculated by using AutoDock program when the antacids drugs, cimetidine and omeprazole, were simulated to interact with E-selectin. Dark diamonds and light squares represent cimetidine and omeprazole interactions with E-sel, respectively. The circle represents the binding energy ofthe pa thological sLe'/E-sel interaction, as calculated by Gibb sfree energy equation. (-5.7kcal/mol, 40)
Omeprazole exhibited greater binding energies than cimetidine, although neither antacid had greater binding energies than the sLe'/E-sel interaction. and the amine side chain of asparagine 83 (Fig. 3B ).
DISCUSSION
The objecti ve ofthis current study was to analyze comparatively the interactions between two antacid drugs (cimetidine, H2RA s class versus omeprazole, PPIs class) and E-selectin by using the AutoDock program. This analysis allo wed us to explore the potential physical interactions between substrates (these two antac id drugs ) and receptors (E-sel), with the goal to investigate potential mechanisms by Calculations of binding energy, ligand efficiency, inhibition constant, intermolecular energy, Van der Waals energy, electrostatic energy and total internal energy were generated with AutoDock as described in the Materials and Methods section. The ten conformations within each run were ordered based on binding energy. The conformation with the lowest energy was conformation #1, and the highest energy was conformation #10 for each run. VDW' VanDer Waals energy; Hbond: Hydrogen Bonding; Desolv: Desolvation   Table III . Comparison of the binding energy values (kcal/mol) and inhibition constants (mM) of the ten potential conformational models ofthe two antacids (cimetidine v omeprazole) interactions with E-selectin. The lowest binding energy and inhibition values indicate a better and stronger overall interaction. Both values show that omeprazole has a stronger interaction with E-selectin than cimetidine.
which antacids may disrupt tumor dissemination and metastasis in HNSCCs, in support of the significant association with improved patient outcome we observed in the clinical settings (27) . Two individual docking experiments were run to assess the potential interactions of each antacid drug with E-sel. In each run, the program generated a series of ten 'conformations',orthe ten most likely conformational models of how the drugs could potentially interact with their targets. These in silica analyses predict that omeprazole, the prototypical proton pump inhibitor, could potentially have a more stable interaction with E-sel receptor than cimetidine, the histamine type 2 receptor antagonist, given that it bound more tightly and formed a more stable complex when docked with E-selectin. When we compared the binding affinity constant of the sLex/E-sel interaction and the binding energies generated by AutoDock, we found that the sLex-E-sel interaction was comparatively weaker. This was expected, since carbohydrates do not usually form very strong complexes with receptors. Using the previously determined (by in vitro experiments, 40) affinity constant of 0.72 mM for the sl.e'<Esel interaction, the Gibb's free energy for the complex was found to be -1800 J. We also found that there were 2.6-fold and 3.42-fold increases in binding energy when cimetidine and omeprazole were docked with E-sel, respectively. Given that the sLex/E-selAutoDock calculated value is lower (the inhibition constant is also lower) than either the omeprazole or cimetidine interactions, it suggests that the natural sLex/E-sel interaction is stronger than with either drug, and that sl.e" is more potent. These results suggest that these antacid drugs may have a more downstream/RNA changing effects on the interaction rather than competitive inhibition; and secondly, that the PPI drug omeprazole, has a greater binding energy to the E-sel than the H2RA drug cimetidine. Comparing the in silico sLex/Esel data with the in vitro reference values proves difficult because it is very difficult to dock a carbohydrate such as sl.e' with a large molecule such as E-selectin since the final conformations tend to vary significantly due to water-mediated interactions and the inherent flexibility of the many terminal hydroxyl groups in carbohydrates, as reported by other AutoDock studies (reviewed in 40). Van der Waals energy, electrostatic and total internal energy values were also calculated with AutoDock to further evaluate the relative strengths of binding. When omeprazole was docked with E-sel, the Van der Waals energy values calculated were consistent, indicating that the relative strength of those intermolecular interactions were dependent on the weak Van der Waals forces. In contrast, when cimetidine was docked with E-sel the Van der Waals energy values were not consistent and these findings were further confirmed; the electrostatic energies of the two antacids docked with E-sel revealed similar results. Finally, the total internal energy values were not consistent in the ten conformations, implying that the total internal energy of the system did not contribute to the overall strength of binding. One plausible explanation is that because the antacid drugs are relatively small 'ligands', the AutoDock program may not be able to calculate an accurate value for the total internal energy of the interaction. Therefore, for further confirmation of the resulting physical interactions, the conformations were also observed in the PyMOL program, which in addition also displayed the shortest measurements between the atoms within the docked antacid and the most proximal residues of Ii-sel. In fact, based on these distances and by observing the actual elements involved in the proximal atomic interactions, the possible intermolecular interactions can be accurately predicted with PyMOL. The results obtained by using PyMOL are very interesting when compared to the energy values generated by AutoDock. It is known that the limits of a hydrogen bond range from approximately 1.87-2.88 A (37) (38) (39) . Surprisingly, there were more potential hydrogen bonds when cimetidine was bound with E-sel than when omeprazole was docked. However, it is interesting to note that the polar sulfoxide group in the structure of omeprazole was involved in the interaction, but, as predicted, the non-polar thio-ester group of cimetidine was not involved. The central location and polarity of this group could account for the increase in binding energy of omeprazole.
Overall, based on these three docking simulations and PyMOL observations, we found that when docked with E-selectin, omeprazole exhibited stronger binding than cimetidine. Thus, our analyses reveal that omeprazole is more likely to form a stronger complex with E-sel than cimetidine, although cimetidine forms stronger intermolecular interactions with Ii-sel. The binding energy values of these antacids are, however, similar, and are comparatively stronger than the pathological sLex/ E-sel interaction, indicating that the antacid drugs could both interact with E-sel, although more likely via different mechanisms. The results of this study are in alignment with our laboratory's recent in vitro findings that cimetidine affects the sLex/Esel interaction almost immediately; in contrast, omeprazole requires longer duration treatment with stronger effects (Matossian et al., under review). This study expands previous findings on the antacid effects on endothelial adhesion molecules with known roles in cancer dissemination, underlining their therapeutic potential for HNSCC clinical management. Further investigation will require additional analysis by using other algorithms that will allow to generate a larger number of conformations, as well as to consider the situation in which a multivalent ligand is interacting with a multivalent receptor, mimicking more closely the clinical situation. Ongoing in vivo investigations in our HNSCC experimental models aims to estimate the necessary amount of antacid in the circulation able to reduce and disrupt the Essel/al.e" interaction as extrapolated from the standard dosage used in HNSCC patients. At this time we do not know the biological mechanisms in all its complexity by which antacid medications may influence patient outcome; we postulate that antacids may alter expression of other factors besides these key endothelial players. Further evaluation in laboratory and clinical settings of antacid effects on tumor progression may lead to new chemo-preventive strategies for HNSCC patients, which could be extrapolated to other cancer patients.
